Recent technological advances in gene sequencing have led to a rapid increase in gene discovery in epilepsy. However, the ability to assess pathogenicity of variants, provide functional analysis, and develop targeted therapies has not kept pace with rapid advances in sequencing technology. Thus, although clinical genetic testing may lead to a specific molecular diagnosis for some patients, test results often lead to more questions than answers. As the field begins to focus on therapeutic applications of genetic diagnoses using precision medicine, developing processes that offer more than equivocal test results is essential. The success of precision medicine in epilepsy relies on establishing a correct genetic diagnosis, analyzing functional consequences of genetic variants, screening potential therapeutics in the preclinical laboratory setting, and initiating targeted therapy trials for patients. The authors describe the structure of a comprehensive, pediatric Epilepsy Genetics Program that can serve as a model for translational medicine in epilepsy.
In recent years, recognition of the genetic contributions to epilepsy has moved beyond the research realm and into clinical practice. [1] [2] [3] [4] [5] [6] [7] [8] The advent of next-generation sequencing has led to the identification of many genetic causes of epilepsy. 9, 10 However, investigations into the mechanisms by which these genes confer susceptibility to seizures or epilepsy, variant classification, and the translation of these findings to inform clinical care, lag behind the rate of gene discovery. With today's increased knowledge of the genetic underpinnings of epilepsy, efforts are now shifting from gene discovery to application. Functional analysis and identification of more targeted therapies are moving to the forefront of research in epilepsy genetics 7 . Precision medicine efforts in epilepsy fall under the auspices of a national movement toward precision medicine, defined by the National Institutes of Health as ''an emerging approach for disease treatment and prevention that takes into account individual variability in genes, environment, and lifestyle for each person.' ' As scholars focus efforts more toward precision medicine in the field of epilepsy with the ultimate goal of administering targeted therapies based on an individual's underlying genetic etiology, including gene-specific clinical trials, it is imperative that patients receive the correct molecular diagnosis and that appropriate patients are referred to available research studies and clinical trials. To that end, we have created a translational Epilepsy Genetics Program with those aims. Here we present our overall approach to epilepsy genetics as one example of integrating the rapidly evolving genetic and functional data that are emerging in the field into clinical practice. Our program features a multidisciplinary Epilepsy Genetics Clinic staffed by epileptologists with a special interest in genetics and expertise in genetic epilepsy syndromes who partner with licensed genetic counselors uniquely trained in epilepsy genetics. Together, we aim to systematically evaluate, and provide accurate diagnoses for, children with a presumed genetic etiology for their epilepsy. Our clinical team works to collect thorough medical and family histories, interpret genetic test results, and carefully disseminate those results while clearly outlining the current limitations of genetic testing and diagnoses.
When a molecular diagnosis is achieved, we provide recommendations for changes in medical management, identify family members who may be at risk, provide information regarding recurrence risk and options for prenatal testing for future pregnancies, and direct families to available gene-specific support resources. Our clinical team works closely with our research laboratory, as well as those of collaborators, to evaluate functional consequences and assess genetic variants in animal models, with the long-term goal of screening drugs for potential precision medicine trials.
In addition, patients identified in the clinic may be directed to ongoing clinical trials as they become available over time. Here, we outline the structure of our Epilepsy Genetics Program and describe how each component is integral to providing the most innovative care possible in the era of precision medicine in epilepsy.
History of the Epilepsy Genetics Program
The Epilepsy Genetics Program was developed in 2010 as Boston Children's Hospital began participating as an enrollment site for the Epilepsy Phenome/Genome Project. 11 The Epilepsy Genetics clinic was formally launched in 2011 by an epileptologist (AP) and a licensed genetic counselor (BRS), each with clinical and research-based expertise in neurogenetics. Since then, we have trained 2 additional physicians (already trained in child neurology and clinical electrophysiology) in epilepsy genetics, who have joined the faculty (HEO, CA). Two additional licensed genetic counselors (including LS) have joined the program as well.
Clinical research was a component from inception and now includes everyone on the clinical team as well as a research assistant (MK), who enrolls individual families, collects phenotyping information on research participants, and serves as a liaison with collaborative studies, such as Epi4K 12 and Epi25, a multicenter collaboration between the epilepsy genetics community and the Broad Institute of Harvard and the Massachusetts Institute of Technology.
The basic research component of the program formally complemented the clinical research focus when the independent Poduri laboratory was launched in 2013, which includes research fellows (GT, JFPU) and research assistants. We were inspired in part by the epilepsy genetics clinical and research group of Ingrid Scheffer and Samuel Berkovic in Australia, where the doctors are the researchers and promote synergy between the clinical and research realms, and also by numerous mentors in translational science.
Epilepsy Genetics Clinic
The multidisciplinary Epilepsy Genetics Clinic provides consultations for patients with a variety of indications and at various stages throughout the diagnostic odyssey. Our patient population consists primarily of children with early onset refractory epilepsy who often have other neurological comorbidities such as developmental delay, intellectual disability, and/or autism spectrum disorder. The children who come to the clinic are often severely affected, and their parents are looking for an explanation and better treatment options to help their child.
We use a multidisciplinary approach within the Epilepsy Genetics Clinic, wherein each family meets with both an epileptologist and a genetic counselor. The epileptologist takes a thorough seizure and neurodevelopmental history and performs a neurological exam. The genetic counselor obtains a complete, syndrome-specific family history, explains genetics concepts and inheritance patterns, describes genetic testing options and potential results of genetic testing, reviews the benefits and limitations of genetic testing, discusses the possibility of uncovering incidental or secondary findings as recommended by the American College of Medical Genetics and Genomics 13, 14 and obtains informed consent for genetic testing. In addition, the genetic counselor ensures that the families have a reasonable expectation of the ways in which a genetic test result may or may not inform clinical care, and addresses the psychosocial implications of genetic testing. 15 The epileptologist and genetic counselor work together to design and implement a plan for genetic testing, interpret genetic test results, and make recommendations for follow up.
The families we see generally fit into 1 of 3 main categories: (1) families seeking a genetic diagnosis for their children, (2) families whose children have a genetic diagnosis that may not be definitive, and (3) families of patients who have an established genetic diagnosis, for whom we could offer insight into treatment or enroll in a precision medicine trial.
Families Seeking a Diagnosis
A 2-year-old previously healthy and developmentally normal boy suddenly experiences episodes of generalized tonic-clonic seizures with dramatic postictal loss of speech and ataxia lasting several days to weeks. While his recovery to baseline was reassuring, the acute convulsions and postictal periods were understandably distressing. An initial genetic evaluation for episodic ataxia and seizures was unrevealing, and treatment was initiated for epilepsy (levetiracetam as a broad-spectrum agent given the generalizedappearing onset and generalized slowing on electroencephalography) as well as a possible channelopathy (acetazolamide). The episodes continued, each time with complete recovery. He subsequently went on to have episodes that were diagnosed on video as paroxysmal kinesigenic dyskinesia. Carbamazepine was added to his regimen at the same time that an expanded genetic panel that had become available for clinical testing in the interim revealed a pathogenic variant in the PRRT2 gene, as well as a variant of uncertain significance in the same gene. While carbamazepine was clinically indicated based on symptomatology, the genetic diagnosis provided diagnostic certainty regarding the other more dramatic symptoms and afforded the parents confidence in withdrawing the other medications. Had PRRT2 testing been available at the time of the first convulsive episode, treatment would have been simplified to carbamazepine monotherapy and anxiety regarding progressive, metabolic disorders would have been allayed much earlier.
Many families come to the Epilepsy Genetics Clinic seeking a genetic diagnosis. Some children are referred without completing any genetic testing. For these patients, we perform a complete consult as described above, including recommendations for specific genetic tests based on the medical and family history of the patient. Such recommendations may include a chromosomal microarray, single gene analysis if a specific etiology is suspected (eg, SCN1A variant suspected for classic Dravet syndrome), or a gene panel that includes particular genes of interest. If such testing yields no diagnosis, we consider whole exome sequencing. The clinical strategy implemented for these patients is outlined in Figure 1 . For some cases, referral to a specialist in genetics is made, particularly for children with dysmorphic features or with syndromes seen by particular specialists.
Some patients are referred having already had some level of genetic testing, which often includes a chromosomal microarray or gene panel. These patients are often referred to us to consult upon unclear findings or genetic variants of uncertain significance. Prior to meeting with these patients, our epileptologists and genetic counselors take a systematic approach to variant interpretation that includes interrogating databases such as ClinVar, the Exome Aggregation Consortium database, and DECIPHER, [16] [17] [18] reviewing the available published literature and gene-specific databases as available, considering whether testing other family members would provide additional evidence in the interpretation of the clinical significance of a particular genetic finding, and facilitating any additional testing. When faced with variants in genes that are relatively newly reported in association with epilepsy, we may also consult clinical and research colleagues at other centers who have familiarity or expertise with these genes. In some circumstances, we also consult colleagues in clinical genetic testing laboratories to ask if they have previously reported clinical variants in a given gene associated with epilepsy. There are efforts underway to consolidate some of these types of resources (e.g., Rare Epilepsy Network, International League Against Epilepsy Genetics Commission, and ClinVar). Our approach at present is individualized for each patient, accessing multiple resources as well as collective experience to arrive at a synthesis regarding the relevance of a given gene and the likelihood of pathogenicity of a given variant. We use as a general guideline the American College of Medical Genetics and Genomics guidelines regarding gene-level and variant-level significance. 13 Once all results are available, the Epilepsy Genetics Clinic team meets to review medical records and genetic test results at a weekly case conference to generate a plan for the full consultation. In some cases, we conclude that previous genetic testing has not provided a diagnosis and may suggest additional testing for the patient prior to a full consultation with the epileptologist.
Some patients, despite having exhausted all appropriate clinical testing, are left without a diagnosis. There are many patients and families who are well-known to the Epilepsy Genetics Clinic for whom we have not been able to identify a molecular etiology. Due to the translational nature of the Epilepsy Genetics Program, we are able to offer enrollment in one or more research studies. These may include research whole exome sequencing with subsequent confirmation in a Clinical Laboratory Improvement Amendments (CLIA)-certified laboratory for patients who are unable to obtain whole exome sequencing on a clinical basis, or enrollment in datasharing collaborations focused on variant interpretation and identification of new candidate genes. Research opportunities such as these are clearly helpful from a medical perspective as families may eventually obtain a diagnosis, but may also be important in helping families to be proactive in the search for an answer for their child's condition.
Patients Whose Diagnoses Are in Question
For 2 years Patient A had a presumed diagnosis of PCDH19-related epilepsy, until the diagnostic lab that had performed the testing reclassified the variant based on results from other patients. Whole exome sequencing identified a new variant of uncertain significance in a different gene, and her parents struggled to make sense of this new information.
Sometimes families come to the Epilepsy Genetics clinic believing their child has a particular genetic diagnosis because of the result of a clinical test, when in fact the particular finding does not adequately establish a diagnosis for the patient.
Examples include genetic variants that are more likely to be benign than pathogenic, inherited variants in which the family history is not significant for features associated with the genetic condition, variants of uncertain significance in which the patient's phenotype is not consistent with what has been reported in the literature, variants in genes that later become associated with new phenotypes as their associated clinical spectra are broadened, and heterozygous variants in genes associated with autosomal recessive conditions.
For patients who fall into this category, our team evaluates the genetic finding in the context of the patient's medical and family history and communicates any discrepancies in a manner that is informative while keeping in mind the potential psychological impact on a patient or family. In other cases, variants are reclassified from likely pathogenic to likely benign or benign based on new evidence, through which a genetic diagnosis may be retracted. This can be especially challenging when a family has established a sense of identity around a particular diagnosis. In such scenarios, we work with families to help them understand the new interpretation as well as help them navigate the implications of an evolving genetic diagnosis.
Patients Who Have an Established Diagnosis
Patient M was a 5-year-old male who had been diagnosed with Dravet syndrome and had a documented pathogenic variant in the SCN1A gene. An international patient, he had been followed in his country of origin but his parents were not satisfied with the information they had been given regarding prognosis and treatment options. They sought a second opinion.
In the Epilepsy Genetics Clinic, we also follow patients who have an established genetic diagnosis. This diagnosis may have been achieved through the Epilepsy Genetics Clinic or may have been obtained previously from an outside provider. Such patients are typically followed by a primary neurologist and come to the Epilepsy Genetics Clinic on a yearly basis to discuss new knowledge about the condition or new guidelines for medical management, as well as ongoing research studies and clinical trials for which they may be eligible.
Ideally, when a causative genetic variant is identified, there would be a formal clinical trial in which the patient could enroll. However, given the inundation of genetic variants associated with epilepsy, to date formal clinical trials are available for only a handful of genes. Of note, one must also be aware that different variants in the same gene may have different functional consequences (such as a gain or loss of protein function) and thus require alternative therapies. In such cases, determining the functional consequence of a particular variant is imperative prior to starting a trial of the drug.
One could imagine that the future of clinical trials in epilepsy may take 1 step beyond ''gene-specific'' and thus become ''variant-specific.'' Patients in this category may have the opportunity to have their genetic variants functionally analyzed in a laboratory, and based on either mechanism or through drug screening, a potential therapy could be identified. From there, patients may be started on a medication and their progress may be documented in an ''N of 1'' trial. While this mechanism by no means replaces a proper clinical trial, such cases might provide the preliminary indications that would encourage a group of investigators to engage in the lengthy but necessary process of setting up a clinical trial.
As researchers, we think of these present and future scenarios and the scientific potential therein. For families, however, the most important aspect of having a genetic diagnosis is what it means for their child or their family today. For some genetic forms of epilepsy, a diagnosis can directly alter treatment. Examples of such targeted therapies are listed in Table 1 , including some that have become conventional and others that are rational in basis but not as well established. 6, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] In addition, a diagnosis may allow us to prognosticate based on what has been reported in the literature, provide an understanding of any associated medical issues and eliminate the need for additional medical evaluations, provide genetic counseling regarding recurrence risk and testing options for future pregnancies, and provide resources for family support organizations.
Clinical Research
The Epilepsy Genetics Program is involved in several clinical research endeavors, including independent projects and collaborative efforts. Such projects include research-based whole exome sequencing and whole exome sequencing data sharing, participation in tissue and data repositories, formal clinical trials, and ''N of 1'' precision medicine trials. Epileptologists, genetic counselors, and research coordinators work together to identify eligible participants and enroll them into applicable research studies.
More specifically, we enroll patients into their Genetics of Epilepsy and Related Disorders research study, a protocol under which they have several ongoing research projects. We send samples for whole exome sequencing on a research basis or independently collect and analyze raw data for patients who have had clinical whole exome sequencing, with the aim of identifying new candidate genes for epilepsy. Sequencing efforts are ongoing, and we are engaged in collaborations with the Epi25 community and the Broad Institute community. For patients in the Epilepsy Genetics Clinic for whom insurance has denied clinical genetic testing, we are able to offer research-based whole exome sequencing. Our protocol allows us to return research results to the families once the findings have been confirmed in a CLIA-certified laboratory.
We also enroll patients with documented genetic findings for phenotyping and natural history studies, and patients for whom we hope to pursue functional analysis, either through our own research or by sending samples or data to collaborating laboratories. For some cases, we have had the opportunity to report both genetic findings as well as expanded genotypephenotype spectra with collaborators in the epilepsy genetics community. 26, [30] [31] [32] For patients who have had clinical whole exome sequencing, we participate as a site for the Epilepsy Genetics Initiative ([http://www.cureepilepsy.org/egi] sponsored by Citizens United for Research in Epilepsy and the National Institute of Neurological Disorders and Stroke). Through this initiative, patients' data will be reanalyzed on a regular basis, allowing updated analysis that will incorporate novel gene discovery and recognition that a given gene may be important for epilepsy.
Other clinical research activity includes launching a pilot epilepsy genetics initiative in conjunction with the Boston Children's Hospital Biobank for Health Discovery as part of the multicenter Genomics Research and Innovation Network. We have created a PCDH19-related epilepsy patient registry, in collaboration with the University of California, San Francisco. The goal of this registry is to collect genetic and clinical information for individuals who harbor a variant in the While we continue working on a small subset of these genes, we work in collaboration with other investigators who are performing functional studies on other genes using various models.
In the Epilepsy Genetics Program, we are using the zebrafish as a model system. Zebrafish are an established in vivo model for neuroscience and medical research. 33 They possess a high genetic homology (80%-85%) to humans, 34 a central nervous system with a similar brain archetype, 35, 36 and conserved neurochemistry. 37 Zebrafish were first established as a model for epilepsy in 2005. 38 Since this initial work, numerous studies have shown zebrafish are amenable to the same convulsants and antiepileptic medications as humans, 39, 40 and the model has shown to be a promising system for drug discovery for genetic epilepsy. 41 We are using a multifaceted approach to conduct functional analyses on a variety of epilepsy-associated genes. We are employing CRISPR methodology to rapidly and efficiently develop knockout zebrafish models. Second, we are performing high-throughput phenotyping to detect spontaneous seizures and seizure susceptibility. Third, in collaboration with the Neuromodulation Program at Boston Children's Hospital, we are using noninvasive recording of extracellular field potentials (multiunit activity) to validate models by demonstrating electrophysiological abnormalities. 42 Fourth, we are crossing transgenic lines expressing fluorescent markers with knockout lines to identify potential mechanisms behind altered excitability. Finally, we intend to perform high-throughput drug screening to test the wide range of FDA-approved drugs as well as newly developed drugs with a long-term goal of translating these discoveries into clinical trials. In addition to the zebrafish model, we are collaborating on projects to create induced pluripotent stem cells from fibroblasts and lymphocytes collected from patients with specific genetic forms of epilepsy, to create an in vitro model for additional functional analysis.
Conclusion
The success of precision medicine in epilepsy relies on accurate genetic diagnoses, open collaboration in research efforts, and efficient translation of research findings directly back into the clinic. We have highlighted the components of our own translational Epilepsy Genetics Program that we have developed to drive these aims forward. The multidisciplinary approach of our Epilepsy Genetics Clinic, which includes the unique expertise of epileptologists and genetic counselors, allows us to address essentially all clinically relevant aspects of genetic testing in epilepsy. In one clinic, families are able to receive an interpretation and thorough explanation of genetic test results and what it means for their child as well as what the results could mean for future children and other family members. In addition, they have immediate access to research studies and information pertaining to gene and/or syndrome support groups. Concurrently, our program's research efforts are enabling us to analyze the functional consequence of specific variants identified in patients and directly translate these findings to inform clinical care.
Although we highlight the integration of clinical evaluation, clinical research, and laboratory research, and hope the Epilepsy Genetics Program serves as a model for the development of similar programs, we recognize this may not be possible for many providers and/or researchers. Professionals involved in epilepsy genetics should not be daunted, as each of the components described may exist independently. For example, a comprehensive epilepsy genetics clinic can stand alone and interested patients and families may be referred to outside research studies. Conversely, researchers may alert the clinical epilepsy community of ongoing projects for which they may be actively recruiting participants. An active connection between the clinical, clinical research, and scientific communities has been fostered by numerous professional organizations with a growing emphasis on translational approaches to epilepsy genetics. In addition, many connections have been initiated by parent-run advocacy groups. The importance of collaborations and shared efforts cannot be overstated. Continuing efforts with collaborators with whom we have worked for years, as well as establishing new collaborations with clinicians and researchers, will be essential in the era of precision medicine in epilepsy.
